1. Introduction
Rare Earth Elements
The rare earth elements (REE), which encompass the 15 elements of the lanthanide series of the periodic table of elements, plus yttrium (Y), are strategic metals which are indispensable to the development of modern defense systems, electronic applications and green technologies. The growing economic and strategic importance of these sectors, coupled with uncertainty in the global supply of REE from China (highlighted by the implementation of export quotas in 2010), have led to concerns about the future supply of many of these metals (Paulick and Machacek, 2017; Weng et al., 2015) . The severity of the supply concerns varies strongly among the various REE. Although their overall demand is much lower, heavy rare earth elements (HREE) [europium (Eu) through lutetium (Lu) and Y] are considered to have a greater supply risk than light rare earth elements (LREE) [lanthanum (La) through samarium (Sm)] because they are much less abundant in the earth's crust and are highly important in many high-technology and clean energy applications (Golev et al., 2014; Paulick and Machacek, 2017) . The production of neodymium (Nd), Eu, terbium (Tb), dysprosium (Dy) and Y (all of which are classified as HREE with the exception of Nd) has been declared to be most critical (Seredin, 2010 ; U.S. Department of Energy, 2011) . Due to these supply concerns and the increasing demand of REE, many new rare earth mineral (REM) deposits are being investigated. One such deposit is the Nechalacho (owned by Avalon Advanced Materials Inc.) in the Northwest Territories (Canada). It is one of the largest REE projects outside of China, with inferred resources of 183.4 million tonnes at a grade of 1.27 % total rare earth oxide (REO) and 0.17 % heavy rare earth oxide (HREO) (Ciuculescu et al., 2013) . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 3 techniques pertaining to REM deposits can be found in Jordens et al. (2013) and Zhang and Edwards (2012) .
Gravity Concentration
Gravity concentration is the separation of minerals based upon differences in SG. It offers multiple advantages over other separation techniques, such as flotation. Gravity separation techniques generally have low capital and operational costs (no reagent costs), comparatively little environmental impact and are relatively simple processes (Wills and Finch, 2016a) . Along with SG differences, particle size and shape often play a role in separation. The various gravity concentration techniques can be classified as either conventional or enhanced gravity separators. Enhanced gravity separators, or centrifugal gravity separators, such as the Knelson Concentrator, induce an artificially high gravitational force on the particles, amplifying differences in SG. This allows enhanced gravity techniques to be much more effective at recovering fine particles and processing relatively low SG minerals than conventional gravity separators (Wills and Finch, 2016a) . Although conventional gravity separators, such as spiral concentrators, are limited to processing relatively coarse (>53 m) material, they offer advantages in increased throughputs, greater simplicity (centrifugal devices are mechanical, whereas conventional techniques are not), and they are better suited for higher grade (>1 % heavy material) deposits due to the semi-continuous nature of most centrifugal bowl separators (Richards et al., 2000; Wills and Finch, 2016a ).
Pre-Concentration of REM in the Nechalacho Deposit
The main REE-bearing minerals in the Nechalacho deposit are zircon, allanite, bastnäsite, synchysite, monazite, columbite (Fe) and fergusonite. The major gangue minerals are quartz, feldspars and iron (Fe) oxides. Zircon is of significant importance, due to its high HREE content compared to other REMs in the deposit (Ciuculescu et al., 2013; Grammatikopoulos et al., 2011) . Most of the work performed on this ore to date has focused on fully liberating REE-bearing minerals through fine grinding prior to a separation stage (Jordens et al., 2016a; Jordens et al., 2016b; Jordens et al., 2016c; Jordens et al., 2014; Xia et al., 2015a; Xia et al., 2015b) . Recently, Jordens et al. (2016b) and Jordens et al. (2016c) studied the use of gravity and magnetic separation to produce a high-grade REE concentrate of a Nechalacho feed ground to 80 % passing 40 m. They demonstrated that centrifugal gravity concentration, particularly using a Knelson concentrator, was effective at pre-concentrating REM in this deposit. One major finding from this work was that, following grinding, particles coarser than 20 m were enriched in zircon. They also noted that grain size differences in the deposit may present opportunities for selective comminution and subsequent upgrading of the concentrated coarse material by gravity separation. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   4 
Paper Objectives
This work investigates the use of gravity separation to pre-concentrate the Nechalacho deposit, building upon the findings of Jordens et al. (2016b) and Jordens et al. (2016c) . The aim of this paper is to study the effects of particle size, mineral liberation and association characteristics, and mineral particle SG distributions on the separation performance of a Knelson Concentrator and a spiral concentrator of a relatively coarse Nechalacho feed. Producing a high-grade zircon pre-concentrate, at coarser particle sizes, would present opportunities to minimise grinding costs prior to a primary separation stage. It is important to note that the process examined here is not representative of the currently selected process design or recovery for the Nechalacho deposit. Any application of this process to the deposit would require optimization to ensure appropriate grade and recovery targets are met.
Materials and Methods

Materials
The ore used in this work was obtained from the Nechalacho deposit (Avalon Advanced Materials Inc., Canada). A 50 kg sample of ore, with an initial top size of 3.36 mm, was riffled to produce 1 kg representative samples. Samples were then ground wet at 50 % w/w solids using a laboratory ball mill for 40 min to produce a particle size distribution of 94 % passing 106 m (80 % passing 70 m; 60 % passing 38 m). The mill products were subsequently combined and sieved wet at 38 and 53 m to completely remove the -38 m material and the majority of -53 m particles, and at 800 m to remove very coarse material from the feed. This resulted in a relatively coarse gravity feed with a narrow size distribution (d 80 = 97 m, d 50 = 72 m). The particle size distribution of the feed sample is shown in Appendix A ( Figure A1 ). As a significant amount of valuable material would be lost in the removed fine particle fraction, a secondary stream would be required for processing this size class.
However, through a strategic grinding and classification circuit the recovery of material in the desired size fraction could be potentially improved. The sample was then representatively split into two 5 kg samples, which were fed to the spiral and Knelson Concentrator and one 45 g sample for dense medium separation (DMS).
Dense Medium Separation
DMS is a process by which minerals are separated based on differences in SG. The process utilizes a liquid or an aqueous suspension of fine particles with a predetermined density for which particles less dense than the liquid will float while those heavier will sink. This work used a heavy liquid solution [lithium metatungstate (LMT), purchased from LMT Liquid, LLC (USA)] as the dense medium. 
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An important consideration for DMS is particle size. When using centrifugal separators, DMS is effective at processing material down to 0.5 mm, which is significantly coarser than the gravity feed produced in this work. However, in lab-scale DMS, particle size is not a factor and sharp separations remain possible at fine particle sizes (Browning, 1961) . In this case, it is likely not economical as a large-scale separation process, but, DMS is an effective method to determine the feasibility of gravity separation on ores. For an overview of the DMS process, interested readers are referred to Napier-Munn et al. (2014) and Wills and Finch (2016b) .
To perform DMS on the gravity feed, three 15 g representative samples were added to 50 mL centrifuge tubes along with 30 mL of heavy liquid solution with an SG of 2.95. The suspensions were then mixed by hand shaking and centrifuged for 30 min at 4400 rpm using a IEC Centra CL2 centrifuge (Thermo Electron Corporation, USA). After centrifuging, the float fraction on the liquid surface was poured off along with the heavy liquid solution leaving the sink fraction behind. The float and sink fractions were then filtered, thoroughly washed, dried and weighed. The float fraction was then subsequently reprocessed following the same steps, but, using a heavy liquid solution with SG 2.75. Float and sink fractions were then analyzed by inductively coupled plasma mass spectrometry (ICP-MS) and scanning electron microscopy (SEM).
Spiral Concentration
The spiral separator used in this work was a Walkabout assembly from Mineral Technologies (Australia). The unit is composed of a four turn Wallaby trough, with a 208 mm pitch and trough diameter of 360 mm. The sample was fed as a slurry (20 % w/w solids) to the top of a spiral, which was fitted with a funnel (for pulse damping), using a diaphragm pump. At the end of the trough, the concentrate and tailings were collected separately and analyzed by X-Ray diffraction (XRD), ICP-MS and quantitative evaluation of minerals by scanning electron microscopy (QEMSCAN). All XRD in this work was carried out with a Brunker (USA) D8 Discover Diffractometer equipped with a cobalt X-ray source. Diffraction patterns were analyzed using Xpert High Score software (PANanalytical, Netherlands) to identify the main minerals. Pycnometer measurements were also conducted to determine the SG of the concentrate. The particle size distribution ( Figure A1 ), SG (Table A1) , and XRD pattern ( Figure A2 ) of the concentrate are shown in Appendix A.
Knelson Concentration
The Knelson Concentrator used in this work was a KC MD3 model (FLSmidth Knelson, Canada) . It was operated with a bowl speed of 1250 rpm and fluidizing water rate of 2 L/min. The material was fed with a flow rate of 250 g/min stopping every 4 min to remove the accumulated concentrate from the bowl. The particle size distribution, SG (calculated from pycnometer measurements) and major   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 6 mineral phases (determined by XRD) of the five resultant concentrates were compared to ensure there were no major differences between concentrates. These results are presented in Appendix A.
The five concentrates were then combined and, along with the tailings fraction, analyzed by ICP-MS and QEMSCAN.
Chemical Analysis
The REE and zirconium (Zr) content of the feed and products produced from DMS, spiral and Knelson experiments were determined by ICP-MS. To digest the samples, a homogenous melt was formed by mixing 0.1 g of sample with sodium peroxide which was then heated. The melt was then digested in hydrochloric acid. All digestions and ICP-MS analysis in this work were conducted by SGS Canada (Lakefield, Canada).
Quantitative Evaluation of Minerals by Scanning Electron Microscopy
The products of spiral and Knelson separation experiments, along with a feed sample, were sieved at 150 m, 106 m, 75 m and 53 m. Representative samples from each size fraction were then prepared as polished sections and analyzed using QEMSCAN at the Advanced Mineralogy Facility at SGS Canada (Lakefield, Canada). This technique employs an EVO 430 automated SEM equipped with four light-element energy-dispersive X-ray spectrometers and iDiscover software for data and image processing. A reference mineral list was developed using XRD (primarily to define the major minerals), a SEM equipped with an energy dispersive spectrometer (SEM-EDS), and electron probe micro analysis (EPMA). REMs were identified based on their major REE composition.
The samples were analyzed with the Particle Mineral Analysis (PMA) method. PMA is a twodimensional mapping analysis aimed at resolving liberation and locking characteristics of a set of particles. A pre-defined number of particles were mapped at a pixel size of 3.4 -7 μm. The typical diameter of a polished section was 30 mm.
Scanning Electron Microscopy
Representative samples from DMS experiments were prepared as polished sections and analysed with a Hitachi SU8000 cold field emission SEM (Hitachi High-Technologies, Canada) equipped with an 80 mm 2 X-Max N Silicon Drift energy dispersive spectrometer (EDS) detector (Oxford Instruments, UK). X-ray maps were acquired at an accelerating voltage of 15 kV and beam current of 5 A for one hour. The count rate and dead time were approximately 12 kcps and 20 % respectively. The qualitative phase maps were obtained using AZtec software (Oxford Instruments, UK). 
Results and Discussion
Feed characteristics
The mineralogy of the feed for gravity separation is shown in Table 1 , for each size class. Zircon is significantly concentrated in the + 150 m and -75 + 38 m size fractions. This finding is also demonstrated in the elemental distribution of each size fraction (Table 2) , where the concentration of Zr is significantly greater in these same fractions. The concentration of zircon in the -75 + 38 m fraction may be due to its grain size distribution in the deposit. The QEMSCAN estimated zircon grain size in the gravity feed is shown in Figure 1 . The average grain size is 44 m and most grains are less than 75 m. This information, coupled with the findings from previous studies (discussed in Section 1.4), suggest that zircon grains are resistant to grinding and fractures in zircon-bearing particles occur predominantly along the zircon grain boundaries. This would significantly improve the liberation characteristics of zircon allowing for coarser grinds to achieve sufficient liberation. (Table 1 ). This suggests that coarse complex particles containing zircon and LREM in the deposit are more difficult to grind than minerals such as feldspars (K-feldspar and plagioclase), which may provide opportunities for concentration at even coarser particle sizes. Liberation and association characteristics for all major mineral classes in the deposit are shown in Figure 2 . Mineral particles were grouped into free, liberated, binary and complex. Minerals having > 95 % of the particle surface area are referred to as "free", and those with < 95 % and > 80 % of the particle surface area are considered "liberated". Across all particle sizes, liberation (free + liberated) of zircon is 59 % with 44 % of the particles being free zircon. Slightly over 50 % of the zircon grains are > 38 m in the gravity feed (Figure 1 ) suggesting that most of these grains are liberated.
Although a more detailed study is required to investigate the comminution properties of the ore, the present results further reinforce the notion that fractures in particles containing zircon occur preferentially at grain boundaries, rather than through zircon grains. Figures 2b and 2c Figure 4 shows the upgrade ratio of Zr, LREE and HREE in the DMS sink fractions when using a heavy liquid with a SG of 2.95 and 2.75. The results indicate that 81 % of Zr and 76 % of REE can be recovered, with upgrade ratios of 4.2 and 3.9 respectively, when processing the material using a heavy liquid with a SG of 2.95. Zr and REE recoveries were increased to 95 % and 92 %, respectively, at a SG of 2.75. However, upgrading was impacted (Zr: 2.9; REE: 2.8), due to the recovery of less liberated material. These results are in good agreement with the mineralogical upgrading and recovery determined by QEMSCAN analysis on the feed sample (Figure 3 ). This demonstrates gravity modeling using QEMSCAN can be used confidently, to predict grade and recovery values by SG for DMS.
Dense Medium Separation
SEM-EDS was used to identify Zr, Fe, cerium (Ce) and Y in the sink and float fractions at a SG of 2.75 ( Figure 5 ). While only qualitative, the SEM images provide an empirical check for the conclusions drawn from QEMSCAN (Section 3.1), which assigns mineral chemistry based on a definition data 2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63 
Spiral Concentrator
Plots of the upgrade ratio vs recovery for the major mineral classes and valuable elements in the spiral concentrate are shown in Figures 6 and 7 , respectively. The results indicate that all relatively high SG minerals (zircon, Fe oxides and REM) in the deposit are concentrated, while the gangue minerals (predominately feldspars) are rejected. The spiral concentrator was most effective at upgrading zircon, with an upgrade ratio of 2.0, followed by Fe oxides (1.9), LREM (1.6) and then HREM (1.4). Elemental upgrade ratios for Zr, LREE and HREE were 1.7, 1.8 and 1.7 respectively. The minor discrepancies between chemical assays and QEMSCAN results (most notably between Zr and zircon) are likely caused by differential settling and density segregation of particles during preparation of the polished sections. This is a common concern when creating polished sections for QEMSCAN (Coetzee et al., 2011; Kwitko-Ribeiro, 2012; Speirs et al., 2008) ; and in this case, results in small overestimations of zircon. Although the recoveries of relatively high SG minerals in the deposit are low, examining the mineral liberation and association characteristics of the spiral concentrate and tailings (Figure 8 ), suggests that zircon and Fe oxide recoveries are likely low due to the lack of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 15 recirculation, rather than insufficient liberation. The findings from Section 3.1 and 3.2 may also suggest that further processing through multiple spiral concentrators may also improve the recovery of REM.
Although quartz is relatively well liberated, it is not well rejected by the spiral concentrator. Figure 9 suggests that particle size has a large impact on quartz recovery. The spiral concentrator can reject fine (< 75 m) quartz particles, but, coarse (> 75 m) quartz-bearing particles tend to be concentrated by the spiral. Figure 9 indicates that, in general, the spiral concentrator is preferentially recovering coarse particles in the feed. Minimal upgrading is obtainable at particle sizes greater than 150 m, but, the spiral concentrator is effective at upgrading the high SG minerals in the finer size fractions. Zircon and REM, in the -150 + 106 m fraction, are effectively upgraded and recovered, even though they are poorly liberated (Figure 2a-d) . This implies grain size differences and mineral associations allow for the effective separation of coarse unliberated valuable material, but only at particle size ranges less than 150 m. Figure 10 shows the recovery of zircon and LREM by SG class at each particle size. It can be noted that the spiral concentrator is favouring the recovery of particles with more elevated SG across all size ranges for both zircon and LREM, except for the + 150 m size fraction, reinforcing that the spiral may only be applicable for this deposit at finer (< 150 m) particle sizes. It is important to note that the spiral and operating conditions (pulp density, flow rate, etc.) used for this study have not been optimized. Thus, the use of a spiral concentrator better suited for fine particle separation (< 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63 64 65 4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63 64 65 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 19
Knelson Concentrator
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Conclusions
This study investigated the use of a spiral concentrator and a Knelson Concentrator as a preconcentration step for a coarse Nechalacho feed. ICP-MS was used to determine the content of valuable elements in gravity products and QEMSCAN to identify how particle size, mineral liberation and association characteristics, and mineral particle SG distributions affect each gravity technique.
The conclusions are as follows:
1. DMS results were accurately predicted by QEMSCAN gravity modeling of the feed.
2. QEMSCAN gravity modeling and DMS experiments indicate that mineral grain size differences and association characteristics provide opportunities to pre-concentrate the Nechalacho deposit at relatively coarse particle sizes using gravity separation.
3. Both the spiral concentrator and the Knelson Concentrator were effective at preconcentrating the material, achieving zircon upgrade ratios of 2.0 and 2.3, respectively. Both processes reject predominately feldspar gangue and fine quartz particles.
4. Particle size had a significant effect when using the spiral, but much less so for the Knelson
Concentrator. The spiral preferentially recovered coarser particles, whereas the Knelson showed little bias between particles sizes.
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